SUMMARY Quantitative angiographic assessment of proximal coronary artery stenosis was performed in 15 patients with consecutive presentations in two categories defined by clinical and angiographic criteria. Group 1 consisted of 10 patients who had new onset of refractory rest angina and ischemic ST-T changes, but no infarction, single-vessel coronary disease without collateralization, and normal left ventricular (LV) angiograms. Group 2 consisted of five patients who were similar to patients in group 1, but had subendocardial infarction (SEI). Quantitative coronary arteriography, using paired perpendicular angiographic views and digital computation, yielded statistically different lesion dimensions and hemodynamic predictions for the two groups. Minimum stenosis diameters were 0.88 00.14 (SD) and 0.64 ± 0.08 mm, respectively, for groups 1 and 2. This corresponded to 72% and 78% diameter reduction and 92% and 95% cross-sectional area reduction for the two groups. These small dimensional differences among lesions in the two groups resulted in large differences in their hemodynamic impact as predicted from classic fluid mechanics theory. We conclude that there are characteristic lesion dimensions for the isolated "critical" stenosis in these selected patients with rest angina. Further small increases in lesion severity result in SEI. Certain practical applications and limitations of these observations are discussed.
THE TERM "CRITICAL LESION" is commonly used but poorly defined in human disease. Are there, in fact, identifiable characteristics of the "critical" human coronary stenosis? A critical lesion may be defined clinically as one that results in ischemic symptoms at rest, or physiologically as one that permits only marginally sufficient levels of myocardial perfusion in the basal state. Various clinical and experimental reports have contributed to our understanding of the degree of coronary constriction necessary to impair normal basal myocardial perfusion.1-8 In spite of this information, the relationship between symptoms of coronary disease and the magnitude of stenosis is widely known to be inconsistent. ' angina2 may have only minimal atherosclerosis.23 Thus, one might anticipate similar inconsistencies in attempting to characterize the coronary lesion responsible for ischemia at rest. One experiment of nature does occur relatively rarely to provide us with a clinical model that resembles the isolated experimental coronary constriction. This is the patient with recent onset of exertional angina that rapidly progresses to refractory intermittent rest pain who, on angiography, has proximal single-vessel stenosis, an apparently normal left ventricular contractile pattern, and no evidence of collateral development.
This report describes the analysis of lesions in such patients using a computer-based technique. To avoid the variability and error associated with visual interpretation of the coronary angiogram,24 28 we have developed a method27 that generates a true-scale, three-dimensional representation of a diseased coronary segment with ± 150A dimensional accuracy and ± 4% variability on estimates of percent stenosis. By this technique, the isolated stenosis in patients with rest angina, no infarction, and no collateral development has been shown to have consistent dimensional characteristics. And in a group of similar patients with associated subendocardial myocardial infarction, a slightly but significantly greater stenosis has been identified.
Methods

Quantitative Angiography
Fifteen patients presented clinically with angina at rest, refractory to medical therapy. Each had singlevessel disease. The 15 stenotic arterial segments were analyzed using a newly developed, digital computer method. 27 We obtained coronary cineangiograms in routine fashion using Judkins technique in multiple projections, including cranial angulation projections. For each left anterior oblique (LAO) projection, we filmed a perpendicular right anterior oblique (RAO) projection. For example, a perpendicular pair might be a 60°LAO and a 300 RAO. Our radiographic equipment is the General Electric Fluoricon 300 system, operating at less than 7 msec/frame, 70-120 kV maximum. Individually adjusted film processing28 results in high-contrast images, as shown in figure 1 . Cine frames were selected from the perpendicular pair of projections that showed the lesion most clearly. For each of the two views, frames were selected at endsystole, end-diastole and midcycle. These frames were projected at about fivefold arterial magnification onto a large screen marked off in x,y coordinates.
Three trained observers separately traced the out- Figure 2 shows the hard-copy computer printout of a typical processed lesion. The segments are displayed as they would appear in true scale in each of the two perpendicular projections, LAO 2) subendocardial myocardial infarction (SEI) with persistent refractory rest angina. Patients with STsegment elevations on the ECG during rest pain were excluded from both groups. All patients were male veterans. None had had previous bypass surgery. Patients with each of the above clinical presentations -who also fit the angiographic criteria described below represent consecutive cases of each syndrome studied in the Wadsworth VA Hospital's cardiovascular diagnostic laboratory during the periods given. Group 1 consisted of 10 patients who underwent catheterization between October 1972 and November 1977 (mean age 52 years; range 38-61 years) with 1) recent onset of exertional angina whose severity had progressed rapidly to refractory rest pain unresponsive to medical therapy, with localizing ischemic ST-T changes on the ECG and no evidence of a previous myocardial infarction. The average interval between onset of angina and arteriography was 3 weeks; 2) single-vessel coronary artery disease without collateral-development; 3) apparently normal wall motion on left ventricular (LV) angiograms. Group 2, who underwent catheterization between March 1974 and December 1977, consisted of five patients (mean age 51 years; range 42-60 years) similar to patients in group 1, but who had ECG or enzymatic evidence of a subendocardial infarction (i.e., persistent T-wave inversion for longer than 72 hours without new q waves and/or CPK elevation > 111 IU/ml (upper limit of normal for our laboratory), but < 360 IU/ml. Three of these five patients had very mild segmental hypokinesis in the LV angiogram. All 15 patients of groups 1 and 2 were studied during their clinical syndrome of intermittent rest pain.
In group 1, eight patients had left anterior descending (LAD) lesions, one patient had a dominant left circumflex, and one had a right coronary artery (RCA) lesion. In group 2, four patients had LAD lesions and one patient had an RCA lesion.
Results Figure 2 presents typical values for group 1 patients. Table 1 summarizes the data for both groups, and presents the statistical comparison. Figure 3 shows the mean minimum lumen diameter (dmin), percent diameter stenosis (%DS), minimum cross-sectional lumen area (Amin), percent area stenosis (%AS), and length of lesions in both groups. The mean local diameter was averaged from the two perpendicular views. Table 1 shows that there were significant differences in dmin between the two groups (p < 0.01).
There were also significant differences in %DS. In group 1 patients, the mean dmin was 0.88 ± 0.14 mm (SD), a 72% diameter reduction. Group 2 patients had a mean dmin of 0.64 i 0.08 mm, a 78% diameter reduction. The mean lesion length in group 1 was 14.4 i 5.5 mm; in group 2 it was 15.3 ± 3.1 mm.
Average local cross-sectional area is calculated assuming that the vessel is elliptical in cross section. The local diameters determined from the two angiographic views were used as the major and minor axes of the ellipse. As shown in table 1, there were significant differences in Amin between the two groups. The mean Amin was 0.63 ± 0.19 mm2 (SD) in group 1, and 0.35 ± 0.11 mm2 in group 2. There were also significant differences in %AS.
Resistance to flow through the stenosis was calculated according to classic theory for steady flow. Increasing degrees of stenosis resulted in precipitous drops in flow and distal pressure. Their numbers correspond fairly well to those measured in our group 1 patients when differences in length are considered. Gould et al.,'5 using highly localized wire-noose constrictors of canine coronary arteries, showed that resting flow measurements did not decrease until there was an 85% "diameter" reduction, although the hyperemic response to contrast media (the coronary reserve) began to decrease at 60% "diameter" reduction. These authors point out that percent reduction of the outer arterial circumference may not linearly reflect the reduction in lumen diameter; thus, the 85% figure is somewhat difficult to interpret angiographically. In addition, the length of their artificially created lesions was much shorter than that of clinically observed stenoses. Thus, 85% could well be an overestimate of the severity of the "critical" stenosis.
Asokan et al.,"' using 85Kr washout to measure flow in human coronary arteries and angiographic estimates of disease severity, showed that > 90% lumen diameter reduction resulted in a "critical" decrease in coronary blood flow, and that "significant" but less severe lesions (50-90%) had normal flows. This study was subject to the reported difficulties with the 85Kr technique and to the subjective tendency to overestimate the severity of the stenosis from the angiogram30 (see below). Our group 1 category was defined to select patients with "critical" stenosis. In these patients with medically refractory unstable angina and proximal single-vessel disease without infarction or evident collateralization, the lesion under consideration threatened the total flow available to a defined, fully viable segment of the left ventricle. It appears that the stenosis necessary to produce this syndrome is 0.9 mm in minimum diameter and 0.6 m2 in minimum area, with an overall length of 14 mm. This represents a 72% reduction in diameter and 92% area reduction. Further increased narrowing of the coronary artery was associated in five cases with subendocardial infarction.
The characteristic lesion parameters in our patients with symptomatic single-vessel disease show considerably less variability than the results of Rafflenbeul et al.,30 who reported coronary constrictions ranging from 30-80% diameter reduction in "symptomatic" patients with single-vessel disease.
However, the clinical symptoms of their patients were not defined. For example, in variant angina, a relatively mild coronary stenosis may be associated with ischemic symptoms,22 and this clinical presentation was excluded from our analysis. Furthermore, while these investigators used an objective, "morphometric" technique, they analyzed only a single angiographic projection. This can result in a considerable error in measuring the degree of constriction, as lesions are often narrower in one projection than in others.
Interpretation of the finding of characteristic lesion dimensions in these two coronary syndromes requires certain qualification. The minimum lumen diameter necessary to cause arterial flow reduction depends in part on the mass, and thus the metabolic requirements, of myocardium distal to the stenosis. Although a 0.9-mm lumen diameter in the proximal LAD 43 Our measurements do not exclude these mechanisms; they suggest, however, that in the patient with atherosclerotic heart disease and lacking collaterals, the major determinant of the severity of ischemia is the degree of luminal narrowing. Other factors such as coronary arterial constriction, transient microthrombus formation, or increased inotropic or chronotropic state could induce small perturbations in the oxygen supply-demand balance. In the setting of severe stenosis these would result in intermittent clinical manifestations of ischemia. These measurements were purposely restricted to a highly specific subset of patients. Attempts to extrapolate these results to the broad spectrum of patients with ischemic heart disease are to be undertaken with caution, except as discussed above. The "typical" patient with coronary disease may have multiple stenoses, collateral development, previous myocardial necrosis, and compensatory myocardial hypertrophy, all of which can alter dramatically the relationship between lesion severity and the clinical manifestations of ischemia.
